A new interferometric device for measuring small angles or rotations with high accuracy is described. This instrument works by counting fringes formed by the rotation of a flat-parallel plate of glass illuminated with a collimated beam from a gas laser. Some possible applications are given.
Introduction
At the present time, there are two methods for measuring angles. The first method is mechanical and uses a highly precise protractor'; it achieves precisions up to 2.5 see of arc. The second method is optical 2 but it is restricted to specific angles such as 300 or 450 and multiples of these angles. The accuracy that can be obtained with optical methods is within tenths of a see of arc. Recently, new interferometric methods have been proposed to measure angles of the order of few degrees with an accuracy much better than tenths of a see of arc. The basic principles and some considerations about the applications of a new interferometric instrument are described here. It is capable of measuring any angle from 0 to 3600 with better precision than that given by mechanical devices.
Theory
The interferometer to measure angles is essentially the shearing interferometer devised by Murty5 for testing optical systems, and the method is based on the variation of the optical path difference (OPD) between the reflections from the two faces of a glass plate with flat-parallel faces, when this plate is rotated.
The OPD between the front and the back surface reflections in a parallel plate of glass, as shown in Fig. 1 , is given by 6 OPD = 2t coso', (1) where is the thickness of the plate, N is the index of refraction and 6' is the angle of refraction corresponding to an angle of incidence 0.
To change the OPD, the plate is rotated about an axis parallel to the plate as shown by an arrow in Fig. 1 .
The difference in the OPD for two different angles of incidence 6l and 62 on the plate, (Eq. (1)) is given by
Taking into account that by the Stokes relations one and only one of the reflections undergoes a phase change of r after the reflection, destructive interference will take place when:
where X is the wavelength of light and m is any integer. Therefore, using the law of refraction, Eqs. (2) and (3) may be combined to give
The total angle that the glass plate rotates is given by 02 -61. If the measurement starts at normal incidence, that is, 6 = 0, Eq. (4) reduces to The value of G(O) may be ay quantity such that sin20 is real and smaller than one. These two conditions are satisfied if
(11)
Given a value of G(6) there are two values of Sil20 that can be obtained from Eq. (10). These two values correspond to the angles 01 and 02 that satisfy the condition expressed by Eq. ().
The value of 01 such that 02 -01 = 0 may be found equating expression (11). Substituting in Eq. (10), we obtain
The optimum value of 01 for any value of the angle 02 -01 can be thus obtained from Eq. (10). Figure 3 shows a plot of 01 vs 02 -Oi. It can be seen that this graph can be very well approximated by a straight line defined by Figure 4 shows a computer plot of m/I vs the angle to be measured.
At the maximum of this function 02 = 900 and 0 = 00; therefore, from Eq. (4), the maximum value of
Although not exactly, the value of m/t can in general be very well approximated by the function
A very common optical glass is BK7 whose index of refraction for red laser light (6328 A) is 1.515. All the results and graphs of this work are referred to this glass. Plotting mit vs 02 from Eq. (5) for this index of refraction, Fig. 2 is obtained. It can be noticed in this curve that m/t does not increase linearly with 02 except in the vicinity of 0 = 45°. Thus, the angle measured, 02 -01, does not only depend on the number m/t but also on the initial angle 01 making, therefore, the accuracy of the final result depend on the accuracy with which the angle 01 is measured. This dependence of the final result 02 -0 on the value 0 can be cancelled if 
From Eq. (4) to analyze this condition, let us consider the function
and solving for sin26,
which fits the computer curve in four significant figures.
Sensitivity
It is interesting to see how the order of interference varies with respect to the angle of incidence; in other words, what is the sensitivity S for a given plate of thickness t. This is equivalent to the following mathematical expression (S in fringes per deg): (16) S/t = (7r/18 0 ')(1/t)(b1n/b62).
Performing the differentiation, we get S/t = (7r/90'X) sing2 cos0 2 /(N 2 -sin26 2 )'-. (see Fig. 3 ).
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There are two ways of measuring the angle The first one is a simple fringe counter; in this case, accuracy is a function of an integer, that is to say, the number of fringes; the error is one fringe. The 0). second method implies the determination of the fringe position; for this case, the accuracy is a function of a fraction of the fringe separation. Table I 
Tolerance to Variations in the Index of Refraction
The most important factor affecting the precision of the measurements is the index of refraction N of the plate. The flatness and the parallelism of the plate may be controlled to the necessary accuracy in the optics shop. The tolerance in the variation of the index of refraction can be found by computing the expression 60/bN, which will be given in degrees. The differentiation of Eq. (4) gives ANGLE TO BE MEASUREO (62-e) ( 2) The measurement of angular velocities of slowly rotating axes is another application of this method.
The angular velocity co in rad per min can be determined by measuring the frequency f of the signal in fringes per sec, using the formula
where s is the sensitivity.
}~~~ fringe counter gives a rough measurement of the angle (see Table I for Am = -1); the addition of a plotter at the beginning and ending of the counting increases the accuracy. We may conclude that this system achieves better precisions than any other mechanical instrument.
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We wish to express our thanks to Arquimedes Morales, who made the drawings and graphs. function of the angle (2 -01) for a given change AN in the index of refraction is given. This method of measuring angles has, among others, two possible applications.
(1) The accurate measurement of angles of prisms and wedges. In this case, the measuring plate and the prism are rotated about a common axis. An autocollimator in front of the prism faces may be used to determine the starting and ending points in the fringe counting.
